Wireless power transfer to a cardiac implant We analyze wireless power transfer between a source and a weakly coupled implant on the heart. Numerical studies show that mid-field wireless powering achieves much higher power transfer efficiency than traditional inductively coupled systems. With proper system design, power sufficient to operate typical cardiac implants can be received by millimeter-sized coils. V C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4745600]
Wireless power transfer to medical implants is desirable for removal of bulky energy storage components. Traditional analyses of wireless powering across human tissue operate in the near-field where the source and receiver consist of inductively coupled coils. [1] [2] [3] Recently proposed systems for midrange power transfer over air also occur in the near-field; high efficiency was obtained by tuning identical resonators to operate in the strongly coupled regime. [4] [5] [6] Power transfer to medical implants, however, operates in the weakly coupled regime due to the asymmetry between the large external source and the small receiver on the implant. In this configuration, it was shown that the optimal power transfer occurs in the mid-field where energy is exchanged through a combination of inductive and radiative modes. 7 Wireless powering is accomplished with the configuration shown in Figs. 1(a)-1(c) . The external source consists of a resonator represented by a planar current density J 1 that generates equivalent magnetic and electric fields. This formalism allows the source to be studied without assumptions on its underlying structure. The receiver is modeled as a small coil resonating at the same frequency as the source. The coil generates a magnetic dipole moment at an angle h with respect to the normal to the source plane. Power transfer occurs through the time-varying magnetic field component in the direction of the dipole moment.
Previous analyses have obtained the optimal source current density for a multilayer tissue model. 8 From the resulting fields in tissue H 1 and E 1 , the maximum power transfer efficiency was found. The performance of the system in an electromagnetic model of the human body, however, is also of interest. In this paper, we consider wireless power transfer across the human chest to an implant on the surface of the heart, as shown in Fig. 1(b) . We show that in the mid-field, power sufficient to operate a typical implant can be delivered at a distance of 5 cm to millimeter-sized coils under tissue heating constraints.
Coupled-mode theory has been used to describe nearfield wireless power transfer. 4, 5 The formalism, however, can be easily generalized to the mid-field. We obtain the following set of equations 9 :
where a 1 and a 2 are the mode amplitudes at the source and receiver respectively. j is the coupling coefficient, F 1 the driving term, C 1 and C 2 the decay rates due to losses, and C L the work extraction rate due to the load on the implant. The amplitudes are defined such that ja 1 j 2 and ja 2 j 2 correspond to the energy contained in the object. In the mid-field, j is complex rather than purely imaginary such that a phase difference can exist between the source and receiver.
The source and receiver are in resonance when
At the steady-state, the mode amplitudes have a time dependency of e ixt and the power transfer efficiency is given by
The efficiency g is dependent on the matching ratio C L =C 2 and is maximized when
In the weakly coupled regime, we have jjj 2 ( C 1 C 2 . The efficiency in Eq. (3) can be approximated as
which is the product of two factors: the coupling factor on the left and the matching factor on the right. The coupling factor is proportional to the ratio of the power available at the receiver to the input power. Similarly, the matching factor is related to the ratio of the power delivered to load to the available power.
Using standard power arguments, the matching ratio can be expressed as
where R L is the load resistance and R 2 the real part of the self-impedance of the receive coil. When the source and receiver are weakly coupled, Eq. (4) states that the matching factor is maximized when R L % R 2 . Since R 2 is a parameter intrinsic to the coil and the surrounding tissue, impedance matching is usually achieved by the appropriate choice of R L . The ideal matching condition, however, cannot always be satisfied since very small values of R L are infeasible for most implants. 10 The coupling factor can also be related to the physical fields by power arguments. In particular, we find that
is the open-circuit voltage induced at the receiver due to the coupling j between the source and receiver. R 2 , the real part of the receiver selfimpedance due to C 2 , is dependent on the surrounding tissue. P 1 is the power loss due to C 1 and is usually dominated by tissue loss. For a receive coil at r f with area A r and direction n, we define a parameter
which is determined only by the source fields. It can be seen from Eq. (6) that as x increases, the induced voltage V oc also increases. However, this increase in k can be offset by dielectric losses, which also increase with frequency, suggesting that an optimal frequency exists. The optimal g is determined from Eq. (5) by the following procedure. First, the source current density J 1 generating fields H 1 and E 1 that maximize k is found. Next, R 2 for the receive coil is evaluated; the coupling factor is given by k=R 2 . Finally, the matching factor is determined by setting R L as close to R 2 as possible, taking into consideration a minimum feasible R L . In the following studies, we seek to determine the frequency f, receiver orientation h, and receiver radius r that enable efficient power transfer.
We compute the fields with the finite-difference-timedomain (FDTD) method over a computational model of the body. 11 Dielectric dispersion is modeled by Debye relaxation; the parameters for this model have been extensively tabulated for human tissue. 12 The source J 1 is simulated as a 15 Â 15 grid of electric dipoles equally spaced 8 mm apart with arbitrary orientation on the plane. These dimensions were found sufficient to closely approximate the optimal current sheet for the multilayer model. 8 The weights maximizing k are numerically found by separately evaluating the fields for the x and y components of each dipole. From the resulting fields in tissue, the optimal weights can be obtained through a matrix inversion. 13 The receiver R 2 is analytically obtained for a coil surrounded by heart tissue. The minimum R L is set to 10 X, corresponding to a typical load of 1 kX and a maximum impedance transformation ratio of 1:100, since quality factors of at most 10 are feasible on implants. 14 In addition to FDTD calculation, we obtain a theoretical g using the multilayer tissue model, for which the field and optimal source current density have an analytical expression. The tissue layers and thicknesses for the model are chosen to approximate the chest wall. Fig. 2 shows the theoretical k, R 2 , and jjj 2 =ðC 1 C 2 Þ as a function of frequency for receive coils of radii 0.5, 1, and 2 mm. Since jjj 2 =ðC 1 C 2 Þ ( 1, the system is in the weakly coupled regime. R 2 exhibits a peak due to self-resonance when the wavelength in tissue coincides with the coil diameter. The resulting efficiency for the 1-mm coil is shown in Fig. 3 . For the body model, the maximum efficiency g ¼ 4:45 Â 10 À4 occurs at about 1.7 GHz and is more than an order of magnitude greater than efficiencies in the MHz range. For wavelengths in tissue, 1.7 GHz corresponds to operation in the mid-field. The FDTD results closely matches the theoretical calculations around 1 GHz. However, below 300 MHz or above 3 GHz, the results deviate since the FDTD source and body model are no longer well approximated by the multilayer model. Since the results are in agreement at the frequencies of interest, we will consider only the body model for the rest of this paper.
We next examine the effect of coil orientation on efficiency. We obtain the optimal source for a receiver oriented at h ¼ 0 , 45 , and 90 and consider the magnetic field at the receiver. Fig. 4 shows the efficiency when the receive coil tilted in the h direction such that the source and receiver are mismatched. With no angular displacement, h ¼ 90 has the highest efficiency even for large mismatch angles. For the h ¼ 45 configuration, the efficiency actually increases slightly when the coil is rotated towards the transverse plane. This effect is due to the fact that the transverse component of the magnetic field is dominant at the receiver, which is characteristic of electromagnetic fields beyond the near-field. Unlike the far-field, however, the magnetic field component in the direction of propagation is significant, as shown by the efficiency obtained at h ¼ 0 . This confirms that the system is operating in the mid-field. The optimal orientation in this case is h ¼ 90 rather than h ¼ 0 as in the near-field. 5 In order to determine the power transferred to the receiver from the efficiency, we consider the maximum transmit power. At the frequencies of interest, the transmit power is limited by tissue heating. This is often measured by the specific absorption rate (SAR) and should not exceed 1.6 mW/cm 3 according to the IEEE safety guidelines. 15 As an useful reference, we normalize the transmit power such that the maximum SAR is equal to the safety limit. Fig. 5 shows the resulting open-circuit voltage V oc available at each point in the body at 200 MHz and 1.7 GHz. The corresponding SAR distribution in the body is also shown in Fig. 5 . For the same maximum heating, the available voltage is much greater at the low-GHz range; the jV oc j 2 is 8:7 Â 10 À4 V 2 at 1.7 GHz and drops to 1:1 Â 10 À5 V 2 at 200 MHz. In the mid-field, the power is "focused"; that is, the fields interfere constructively at the receiver but destructively otherwise to minimize tissue heating. This effect is not observed at 200 MHz since interference effects are not significant at distances less than the wavelength.
Finally, we consider the relationship between the receive coil size and the transferred power. Fig. 6 shows the received open-circuit voltage V oc and the received power versus the coil radius at 1 and 1.7 GHz. P r drops at the R 2 resonant peak; however, for a given radius, this drop can be avoided by operating away from the peak. much smaller than receivers designed for near-field operation, which are typically several centimeters in size. 17, 18 In conclusion, we study mid-field wireless powering between a weakly coupled source and receiver in an electromagnetic model of the human body. The optimal frequency and the orientation of a receive coil placed on the surface of the heart are consistent with operation in the mid-field. Under tissue heating constraints, power sufficient to operate a typical implant can be received by a 1-mm radius coil. We note that while our results were obtained for a source modeled by an arbitrary current density, in practice, the current density must synthesized by a physical antenna. The design of such an antenna remains to be addressed in future work. FIG. 6 . Received open circuit V oc and received power P r as a function of the receive coil radius at 1 GHz and 1.7 GHz. The coil is oriented h ¼ 90 .
